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losis	 (bTB),	 an	 important	 zoonotic	 pathogen,	 in	 a	 free-ranging	 African	 buffalo	
(Syncerus caffer)	population.	We	characterize	these	phenotypes	as	“infection	resist-




and	marginally	 reduced	 survival	once	 infected,	but	 also	associates	with	an	overall	
higher	reproductive	rate.	 Infection-resistant	animals	thus	appear	to	follow	a	“fast”	
pace-of-life	syndrome,	in	that	they	reproduce	more	quickly	but	die	upon	infection.	In	
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1  | INTRODUC TION
Disease	resistance	traits	can	evolve	rapidly	as	a	result	of	coevolution	
between	hosts	 and	pathogens	 (van	Valen,	1973).	Resistance	 traits	









to	variation	 in	molting	ability	 (Marzal	 et	 al.,	 2013;	Moreno-Rueda,	











and	 theoretical	 predictions	 that	 resistance	 traits	 should	not	 reach	
fixation	in	host	populations	(Antonovics	&	Thrall,	1994;	Best,	White,	
&	 Boots,	 2008)	 have	 largely	 been	 validated.	 This	 maintenance	 of	
variation	in	heritable	resistance	mechanisms	suggests	that,	although	
resistance	 can	 confer	 advantages	 under	 strong	 selection	 imposed	
by	the	pathogen,	resistance	may	not	maximize	fitness	under	all	cir-
cumstances.	If	constitutively	expressed	resistance	mechanisms	that	
prevent	 infection	 come	 at	 a	 fitness	 cost,	we	would	 expect	 trade-
offs	 involving	reduced	fitness	when	the	pathogen	is	absent	(Boots	
&	Haraguchi,	1999).	Average	 lifetime	 fitness	of	 the	host	may	 thus	
depend	on	 the	 likelihood	of	 infection,	 leading	 to	ecological-evolu-
tionary	feedbacks	between	disease	dynamics	and	the	frequency	of	
heritable	resistance	traits	in	the	host	population	(Boots	&	Haraguchi,	
1999).	 Furthermore,	 since	 distinct	 resistance	 phenotypes	 likely	
arise	from	discrete	underlying	physiological	mechanisms	that	carry	
unique	 fitness	costs	and	benefits,	multiple	strategies	could	evolve	
within	 the	 same	 host	 population	 (Miller,	 White,	 &	 Boots,	 2005;	
Restif	&	Koella,	 2004).	 These	 resistance	 traits	 are	 not	 necessarily	
mutually	exclusive	and	each	individual	occupies	a	phenotypic	value	









traits.	 For	 example,	 host	 genotype	 associates	 with	 variation	 in	
pathogen	burden	in	many	laboratory	systems	(Bruns,	Carson,	&	May,	
2012;	 Salvaudon,	 Heraudet,	 &	 Shykoff,	 2007;	 Tavalire,	 Blouin,	 &	
Steinauer,	2016)	and	immune	pathway	knockout	lines	have	demon-
strated	a	direct	relationship	between	immune	function	and	overall	
pathogen	 burden	 in	murine	models	 (Grant	 et	 al.,	 2009;	 Kielian	 et	
al.,	2007;	Qiu	et	al.,	2008).	 In	wild	populations	of	sheep,	causative	
loci	 have	 been	 identified	 for	 strongyle	 (Beraldi	 et	 al.,	 2007)	 and	
nematode	 (Silva	 et	 al.,	 2012)	 resistance.	 Also,	 the	 rapid	 spread	 of	
Mycoplasma	infection	in	American	house	finches	has	led	to	the	dis-
covery	of	 the	genetic	and	 immune	basis	 for	 resistance	 in	 this	 sys-






Resistance	 traits	 and	 associated	 costs	 are	 context-dependent	
and	often	 fluctuate	with	 resource	availability	 (Boots,	2011;	Zuk	&	
Stoehr,	2002),	overall	 infection	 risk	 (Gandon	&	Vale,	2014),	or	 the	
presence	of	 coinfecting	pathogens	within	 the	host	 (Mideo,	Alizon,	
&	Day,	 2008).	 For	 example,	 a	 low	 resource	diet	 led	 to	 higher	 lev-
els	of	 infection	resistance	in	frogs	challenged	with	gut	nematodes,	





tive	 investment	 when	 resources	 are	 limited	 (French,	 Johnston,	 &	
Moore,	 2007).	 In	 an	 experimental	 mouse-nematode	 system,	 vari-
ation	 in	 overall	 infection	 risk	 led	 to	 a	 dose-dependent	 increase	 in	
the	 production	 of	 pro-inflammatory	 cytokines	 which	 negatively	
correlated	with	host	fitness	(Lippens,	Guivier,	Faivre,	&	Sorci,	2016).	
Coinfecting	 pathogens	 can	 also	modify	 host	 immunity,	 leading	 to	
variation	in	resistance	traits	and	associated	costs.	For	example,	 in-
testinal	 helminth	 infection	 has	 been	 identified	 as	 a	 risk	 factor	 for	
both	 pulmonary	 tuberculosis	 (Elias,	 Mengistu,	 Akuffo,	 &	 Britton,	





White,	&	Boots,	2010;	Boots	&	Bowers,	1999;	Miller	 et	 al.,	 2005;	
Restif	 &	 Koella,	 2004).	 “Infection	 resistance”	 is	 most	 commonly	
defined	as	the	ability	of	a	host	to	prevent	 infection	by	a	pathogen	
(Simms	&	Triplett,	1994).	For	example,	heritable	variation	in	consti-
tutively	 expressed	 innate	pathogen	 recognition	mechanisms	 could	
be	energetically	costly	to	the	host,	but	prevent	infection	when	the	
pathogen	 is	 present	 (Tellier	&	Brown,	 2011;	 Zuk	&	 Stoehr,	 2002).	
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infection,	though	behavioral	mechanisms	are	commonly	categorized	











erance	because	 it	 potentially	 limits	 pathogen	damage	 to	 the	host,	
but	unlike	tolerance,	proliferation	resistance	limits	the	growth	rate	
of	 the	 pathogen,	 making	 these	 two	 host	 strategies	 evolutionarily	






from	 adaptive	 immune	 mechanisms	 involved	 in	 immune	 memory	
and	pathogen	containment	(Keane	et	al.,	1997;	Mukhopadhyay	et	al.,	
2012;	Sandler,	Mentink-Kane,	Cheever,	&	Wynn,	2003),	which	may	
come	 at	 a	 lower	 energetic	 costs	 than	 constitutively	 expressed	 in-
fection	resistance	mechanisms	(Boven	&	Weissing,	2004;	Goldszmid	
&	 Trinchieri,	 2012).	 Proliferation	 resistance	 is	 also	mechanistically	
distinct	from	tolerance,	which	lessens	the	pathogen’s	impact	on	host	
fitness	 through	mechanisms	 of	 tissue	 repair	 or	 downregulation	 of	
pro-inflammatory	pathways	(Medzhitov,	Schneider,	&	Soares,	2012;	
Sears,	Rohr,	Allen,	&	Martin,	2011).
Varying	 resistance	 strategies	 can	 have	 disparate	 effects	 on	





investment	 in	 constitutively	 expressed,	 innate	 immune	 defenses,	
early	reproduction,	and	a	shorter	 life	span,	while	a	“slow”	pace-of-
life	 is	 exemplified	 by	 the	 formation	 of	 adaptive	 immune	memory,	
slower	 reproduction,	 and	 a	 longer	 life	 span	 (Martin,	 Hasselquist,	
&	Wikelski,	2006).	Putting	disease	 resistance	phenotypes	 into	 the	







Mycobacterium bovis,	 in	 a	 free-living	 population	 of	African	 buffalo	
(Syncerus caffer,	Figure	1).	Mycobacterium bovis	is	the	causative	agent	
of	bovine	tuberculosis	(bTB)	and	a	zoonotic	bacterial	pathogen	with	
a	broad	host	 range,	often	 leading	 to	 long-term	 infection	with	high	
morbidity	and	eventual	mortality	in	mammals	(Ayele,	Neill,	Zinsstag,	
Weiss,	 &	 Pavlik,	 2004;	 Rua-Domenech,	 2006;	 Welburn,	 Beange,	
Ducrotoy,	&	Okello,	2015).	The	host	 immune	system	forms	granu-
lomas	(lesions)	around	infected	tissue,	often	resulting	in	large	areas	



































east	 extent	 of	 the	 park,	while	 north	 of	 this	 the	 Lower	 Sabie	 herd	


























servation	until	 recovered,	 and	 all	 immobilizations	were	 conducted	







emergence	 and	 in	 older	 animals	 by	 wear	 pattern	 per	 established	























determined	 using	 a	 commercially	 available	 whole-blood	 gamma	
interferon	 (IFNγ)	 assay	 (BOVIGAM,	 Prionics,	 Switzerland).	 This	
assay	measures	 the	difference	 in	 IFNγ	 production	of	whole	blood	









infected,	we	 assumed	 animals	 remain	 positive	 until	 death	 (Bengis,	
1999).	Animals	with	alternating	test	results	or	short	observation	pe-
riods	(<3	captures)	were	not	 included	in	this	work	due	to	 low	con-


























culled	animals	 for	which	age	at	 conversion	was	known,	 to	charac-
terize	 proliferation	 resistance	 (all	 other	 bTB-positive	 animals	 had	
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converted	at	an	unknown	time	before	capture	and	we	could	not	ac-
curately	assess	time	with	bTB	relative	to	the	development	of	lesions).
2.2 | SNP genotyping and filtering
We	 used	 single	 nucleotide	 polymorphism	 (SNP)	 based	 molecular	
methods	to	assess	genetic	differentiation	among	buffalo	herds	and	
to	 calculate	 pairwise	 estimates	 of	 relatedness	 for	 the	 heritability	
of	 infection	 resistance	 analysis,	 below.	We	 extracted	 100–200	ng	
genomic	DNA	from	dried	ear	tissue	samples	(DNeasy	blood	&	tissue	
kit,	Qiagen)	 and	prepared	 individual	 libraries	 for	 sequencing	using	





















from	 the	 dataset.	We	extracted	 scaffold	 and	position	 information	
for	each	SNP	 for	population	 structure	analysis.	The	analysis	pipe-
line	outlined	above	was	developed	by	Eli	Meyer	(available	at	https://



















We	quantified	 two	 types	of	bTB	 resistance	 in	 the	African	buffalo.	
First,	 infection	 resistance	 describes	 differences	 in	 time	 to	 onset	
of	 infection	 (i.e.,	 conversion	age),	where	animals	 that	became	bTB	







Second,	 proliferation	 resistance	 describes	 differences	 in	 lung	 pa-
thology	 relative	 to	 time	 since	each	animal	 first	 tested	positive	 for	
bTB.	We	evaluated	resistance	traits	 in	buffalo	 that	were	observed	





ining	for	gross	 lesions	 (granulomas)	by	evaluating	each	 lung	 lobe	
independently.	If	a	lesion	was	noted,	it	was	measured	to	describe	
the	 extent	 of	 lung	 area	 affected.	 The	 number	 of	 affected	 lung	
lobes	was	then	tabulated,	in	addition	to	number,	appearance,	and	
area	occupied	by	lesions.	Here,	we	use	total	 lung	lesion	count	as	
a	 proxy	 for	 total	 pathology	 and	 a	 continuous	measure	 of	 prolif-
eration	resistance.	The	formation	of	independent	lesions	directly	
corresponds	 to	 efficiency	 of	 immune	 containment	 mechanisms	


























with	lung	lesions	counts	(r = 0.70; p	<	0.0001).




2.5 | Relatedness and heritability of resistance
We	determined	pairwise	relatedness	(r)	among	buffalo	using	the	R	
package	related	(Pew,	Muir,	Wang,	&	Frasier,	2015)	and	the	identity	













Strandberg,	 Ducrocq,	 &	 Roth,	 2005;	 Yazdi,	 Visscher,	 Ducrocq,	 &	
Thompson,	2002).	The	following	equation	was	used	to	estimate	nar-
row	sense	heritability:
Where	VA	 is	 the	additive	genetic	 variance,	VE	 is	 the	environ-
mental	variance,	and	c	is	the	proportion	of	observations	requiring	
censoring	 in	 the	model	 (here,	 c	=	106/162	=	0.654).	 This	 correc-
tion	method	has	been	previously	applied	to	human	and	livestock	
datasets	 (Anderson,	 Duffy,	Martin,	 &	 Visscher,	 2007;	 Schneider	
et	 al.,	 2005).	We	 estimated	 the	 variance	 components	VA	and	VE 
by	 incorporating	 both	 an	 IBD-based	 relatedness	 matrix	 and	 a	
shared	 environmental	 (herd)	 matrix	 as	 the	 correlation	 structure	
of	 the	 random	 effect	 in	 our	model.	Using	 a	 likelihood	 ratio	 test	
in	 the	R	package	 lmtest	 (Zeileis	&	Hothorn,	2002),	we	compared	








estimates	 using	 the	 “h2G”	 function	 in	 the	 R	 package	 gap	 (Zhao,	
2007).	We	assigned	the	standard	error	of	the	uncensored	estimate	
to	 both	 the	 censored	 and	 uncensored	 estimates	 of	 heritability,	














eration	 resistance,	 respectively.	 The	 full	 mixed	 effects	 model	 for	
each	fitness	metric	included	time	(“before”	and	“after”	conversion),	
herd,	antihelminthic	treatment,	age	at	first	capture,	the	two	continu-













S3).	 The	 final	 model	 contained	 conversion	 age	 as	 a	 continuous	
metric	of	 infection	resistance,	as	well	as	herd	and	antihelminthic	
treatment,	 factors	which	have	previously	been	 shown	 to	 impact	
survival	 following	bTB	 infection	 in	this	group	of	buffalo	 (Ezenwa	
&	Jolles,	2015).	All	 analyses	were	 run	 in	R	version	3.2.4	 (R	Core	
Team,	2016).
3  | RESULTS
3.1 | Variation in host response to bTB
At	 the	 beginning	 of	 the	 study,	 prevalence	 of	 bTB	 infection	 was	
0.142	and	did	not	differ	significantly	among	the	two	herds	(n	=	176,	




Conversion	 age	 varied	 broadly,	 from	 two	 to	 greater	 than	 ten	
years	of	age	(Figure	2a).	The	age-specific	 incidence	increased	until	
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age	at	conversion	during	the	study	period	was	5.5	years	 (n	=	56	of	
187;	95%	CI	(4.980,	6.060));	and	a	subset	of	animals	remained	bTB-
negative	 throughout	 the	 study	 period,	 many	 of	 which	 exceeded	
5.5	years	of	 age	 (n	=	93	of	106).	Among	bTB-infected	animals,	 the	










regression	 residuals	 (proliferation	 resistance)	 were	 not	 correlated	




3.2 | Heritability of host resistance
We	 used	 marker-based	 relatedness	 estimates	 within	 a	 censored	
time-to-event	 variance-partitioning	model	 to	 estimate	heritability	
of	 infection	 resistance	 in	 this	herd	of	African	buffalo.	These	data	
present	 a	 unique	 problem	 for	 the	 estimation	 of	 heritability	 for	
the	time	to	onset	of	bTB	infection	as	we	observed	few	closely	re-




filtering,	 our	 final	 dataset	 for	 estimating	 the	 heritability	 of	 infec-
tion	resistance	included	162	African	buffalo.	Due	to	a	limited	sam-
ple	size	within	the	culled	subset,	we	lacked	power	to	estimate	the	
heritability	of	proliferation	 resistance	 in	 this	herd.	We	obtained	a	
low	censored	heritability	estimate	of	0.095	for	infection	resistance	







TA B L E  1  Heritability	of	infection	resistance
























8  |     TAVALIRE ET AL.
censored	estimate	serves	as	the	lower	limit.	Using	a	likelihood	ratio	








3.3 | Fitness costs and benefits of 
resistance phenotypes
In	order	 to	compare	costs	associated	with	each	 resistance	strat-
egy,	 we	 compared	 continuous	 variation	 in	 infection	 and	 prolif-
eration	 resistance	 among	 animals	 that	 acquired	 bTB	 infection	
during	 the	 study	 to	 three	metrics	 of	 buffalo	 fitness	 before	 and	
after	conversion:	reproductive	rate,	body	condition,	and	survival.	
We	 observed	 an	 overall	 decrease	 in	 body	 condition	 due	 to	 bTB	
infection	and	an	 increase	 in	 reproductive	 rate	over	 time	 (n	=	33;	
Table	2,	Figure	5).	These	overall	trends	were	expected	given	that	























TA B L E  2  Measures	of	health	and	fitness	before	and	after	bovine	
tuberculosis	(bTB)	infection




Time	(after	bTB) −0.685	(0.116) −5.914 <0.001
Conversion	age	(years) −0.131	(0.042) −3.127 0.004
Lung	pathology	residuals −0.018	(0.007) −2.358 0.025




Time	(After	bTB) 0.385	(0.082) 4.693 <0.001
Conversion	age	(years) 0.188	(0.053) 3.562 0.001
Lung	pathology	residuals −0.014	(0.005) −2.612 0.015
Treatment	(bolus) −0.126	(0.092) −1.374 0.181
Herd	(Lower	Sabie) 0.183	(0.087) 2.117 0.044
Age	at	first	capture −0.012	(0.057) −0.022 0.829
aEstimates	for	each	multi-level	factor	are	 interpreted	as	the	difference	
relative	to	the	reference	level,	given	the	factor	level	in	parentheses.	bThe 
model	 for	 reproductive	 fitness	 (B)	 includes	years	 in	 study	as	an	offset	
term	to	control	for	differences	in	observation	period.	*p	values	were	es-
timated	using	a	linear	mixed	effects	model	fit	by	maximum	likelihood.	
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all	 animals	 in	 this	 analysis	became	bTB	positive,	which	has	been	
previously	 shown	 to	 reduce	 body	 condition	 (Ezenwa	 &	 Jolles,	
2015;	Jolles	et	al.,	2005),	and	many	of	the	young	females	we	sam-
pled	 reached	 reproductive	 age	 during	 the	 study.	 To	 control	 for	
age-dependent	differences	in	reproductive	rate,	we	retained	age	
at	 first	 capture	 in	 the	 final	model	 of	 this	 fitness	metric.	We	ob-
served	 a	 cost	 of	 infection	 resistance	 in	 the	 form	 of	 lower	 body	
condition	and	reduced	survival	time	following	infection.	For	each	
year	 increase	 in	conversion	age,	animals	 lost	body	condition	but	
had	an	overall	higher	reproductive	rate	(Table	2,	Figure	5a,b).	Due	
to	 the	age-dependency	of	our	 infection	 resistance	classification,	





increase	 in	 conversion	age	 (Table	3,	p	=	0.078).	We	observed	no	
reproductive	or	body	condition	costs	associated	with	proliferation	
resistance	 (Table	2,	Figure	5c,d).	Decreasing	 lung	pathology	was	
associated	with	 increased	 body	 condition	 and	 calving	 rate	 both	
before	and	after	disease	onset.
4  | DISCUSSION
Here,	 we	 identify	 two	 distinct	 forms	 of	 disease	 resistance	 in	 a	
natural	host–pathogen	system,	which	vary	in	their	relative	fitness	









TA B L E  3  Death	risk	following	bovine	tuberculosis	(bTB)	
infection
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costs	and	benefits.	We	observed	clear	costs	of	infection	resistance	
in	the	form	of	reduced	condition	and	marginally	reduced	survival	




Ezenwa,	 Cross,	 Bengis,	 &	 Jolles,	 2015).	 Therefore,	 the	 infection	
resistance	phenotype	appears	 to	be	advantageous	only	 in	 terms	
of	 preventing	 or	 delaying	 bTB	 infection,	 but	 carries	 a	 survival	
cost	 if	bTB	does	occur.	Additionally,	 if	underlying	mechanisms	of	
infection	 resistance	 are	 costly,	 this	 resistance	 trait	 is	 likely	 also	
associated	with	lower	survival	even	in	the	absence	of	bTB,	as	evi-
denced	 by	 decreased	 body	 condition.	On	 the	 other	 hand,	 infec-
tion	resistant	buffalo	had	a	higher	reproductive	rate	than	animals	
that	became	bTB-infected	earlier	in	life,	even	after	controlling	for	
age-dependent	differences	 in	 reproductive	 rate.	Taken	 together,	







fitness	 advantages	 and	 costs	 of	 both	 resistance	 traits	 through	
immunomodulation	or	 reduced	 competition	 for	 resources	within	
the	 host	 (Ezenwa	&	 Jolles,	 2011);	 however,	 we	 lack	 the	 data	 to	
address	 these	 questions	 here.	 To	 our	 knowledge,	 this	 is	 one	 of	
few	studies	providing	direct	 evidence	 for	 a	 cost	of	 resistance	 in	
a	 natural	 animal	 system	 (but	 see	Auld	 et	 al.,	 2013;	 Zhong	 et	 al.,	






animals	 in	 generally	 better	 health	 or	 those	with	more	 energetic	
resources.
Pathogen	 virulence	 has	 been	 shown	 to	 drive	 the	 evolution	
and	 maintenance	 of	 resistance	 phenotypes	 in	 many	 wild	 sys-
tems	 (Ferrandon,	 2009;	 Little,	 Shuker,	 Colegrave,	Day,	&	Graham,	
2010).	Theory	suggests	that	for	 infection	resistance	to	evolve	 in	a	
system,	pathogen	virulence	must	be	high	such	that	the	costs	of	re-
sisting	are	 less	 than	 the	negative	 fitness	effects	of	 succumbing	 to	
infection	over	the	lifetime	of	the	animal	(Boots	&	Haraguchi,	1999).	
Since	body	condition	is	highly	predictive	of	survival	 in	buffalo,	en-
ergetically	 costly	 infection	 resistance	 mechanisms,	 constitutively	
expressed	regardless	of	 infection	risk,	may	confer	negative	fitness	
effects	in	the	absence	of	bTB.	However,	these	immune	mechanisms,	
if	 general	 enough,	 could	 confer	 resistance	 to	 other	 pathogens	 as	










of	 Kruger	 National	 Park	 in	 1990	 (Rodwell	 et	 al.,	 2001),	 therefore	






study.	 However,	 here,	 we	 detect	 significant	 differences	 in	 fitness	
metrics	 relative	 to	 measures	 of	 infection	 and	 proliferation	 resis-
tance,	suggesting	that	the	resistance	strategies	described	here	carry	
fitness	 benefits	 and	 costs	 and	may	have	 evolved	over	 a	 relatively	
short	 time	 evolutionarily.	We	did	 not	 detect	 heritable	 variation	 in	
either	trait,	though	we	did	observe	a	nonzero	estimate	of	heritability	
in	this	sample.	This	could	be	largely	due	to	a	small	sample	size	and	
the	 nature	 of	 our	measure	 of	 infection	 resistance.	 Since	 infection	





would	 lead	 to	 a	more	 accurate	 estimate	 of	 trait	 heritability.	 Thus,	
in	order	to	assess	the	true	fitness	advantages	and	resulting	evolu-
tionary	dynamics	of	 these	 resistance	phenotypes,	we	would	need	
to	quantify	 lifetime	 reproductive	 success	 in	a	 larger	proportion	of	
the	total	population	and	evaluate	these	resistance	traits	within	the	
context	of	potential	coinfecting	pathogens.
Trade-offs	 leading	to	 the	maintenance	of	variation	 in	disease	
resistance	in	wild	populations	can	be	interpreted	within	the	con-
text	 of	 life	 history	 theory.	 Specifically,	 difference	 in	 pace-of-life	
syndrome	 involving	 trade-offs	 between	 reproductive	 and	 im-
mune	 investment	 (Sears	et	al.,	2011).	Having	 identified	two	con-
tinuous	resistance	traits	 that	appear	to	vary	 in	reproductive	and	
life	 span	 strategies,	we	 propose	 a	 difference	 in	 life	 history	 syn-
drome	 among	 individuals	 displaying	 extreme	 values	 of	 each	 re-
sistance	 type.	 Several	 studies	 in	 recent	 years	 have	 invoked	 life	
history	 theory	 to	 explain	 relative	 investment	 in	 constitutively	




in	 some	 natural	 systems	 (e.g.,	 amphibians:	 Johnson	 et	 al.,	 2012,	
birds:	Hasselquist,	2007;	Jacques-Hamilton	et	al.,	2017;	Tieleman,	
Williams,	 Ricklefs,	 &	 Klasing,	 2005,	 rodents:	 Previtali	 et	 al.,	
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more	 in	 reproduction	 preinfection.	 A	 reduction	 in	 condition	 be-
fore	 infection	may	suggest	 increased	resource	allocation	to	con-









these	 findings	provide	evidence	 for	 the	disproportionate	 invest-
ment	in	fitness	before	infection	exemplary	of	a	“fast”	pace-of-life.	










(Budischak	 et	 al.,	 2018;	 Gorsich	 et	 al.,	 2015).	 It	 has	 been	 demon-
strated	 across	 taxa	 that	 organisms	 in	 better	 condition	 have	 higher	
available	resources	to	allocate	to	immune	coping	mechanisms	or	tol-
erate	 resource	 leaching	by	 the	pathogens	 themselves,	especially	 in	
environments	where	resources	are	seasonally	 limited	(Martin,	Weil,	
&	 Nelson,	 2008).	 Furthermore,	 reproductively	 mature	 ruminants	
often	prioritize	 energetic	 allocation	 to	 growth,	 pregnancy,	 and	 lac-








We	 also	 conclude	 that	 the	 two	 resistance	 phenotypes	 are	 not	
correlated	in	this	population,	suggesting	that	they	arise	from	distinct	
physiological	mechanisms.	This	is	to	be	expected	due	to	differences	
in	 the	 nature	 of	 each	 defense	 strategy:	 infection	 resistance	 likely	
results	from	strong	pathogen	recognition	or	pathogen	clearing,	while	







explaining	variation	 in	 the	severity	of	 the	TST	 response	 in	positive	






bTB	 infection	patterns	 in	 this	study	 likely	do	not	 result	purely	
from	 these	 resistance	phenotypes	 and	underlying	 immune	mech-
anisms.	Contact	patterns	and	connectivity	in	other	animal	systems	










phenotypes	 with	 different,	 context-dependent	 fitness	 costs	 and	
benefits.	 Though	 environmental	 factors	 likely	 contribute	 to	 varia-
tion	 in	 time	 to	 infection	 and	 resulting	 pathology,	we	demonstrate	
that	conversion	age	has	a	genetic	basis	and	proliferation	resistance	








We	 thank	 Rebecca	 Sullivan	 and	 Kristie	 Thompson	 for	 their	 as-
sistance	 in	African	 buffalo	 captures	 and	 associated	 laboratory	 as-
says.	Captures	would	not	have	been	possible	without	the	invaluable	
support	of	 the	Veterinary	Wildlife	Services	 (VWS)	 team	 in	Kruger	
National	Park.	The	authors	would	like	to	thank	Eli	Meyer	and	Holland	
Elder	 for	 their	 assistance	 in	 RAD-seq	 methods	 and	 analyses.	We	
would	also	like	to	thank	the	editors	and	three	anonymous	reviewers	
for	their	thoughtful	feedback	on	this	manuscript.	This	research	was	
approved	by	Kruger	National	 Park’s	 Scientific	 Services	 committee	
and	by	Oregon	State	University	 and	University	of	Georgia	 IACUC	
(Protocol	numbers	OSU	No.	3822;	UGA	No.	A201010190-A1).	This	
12  |     TAVALIRE ET AL.
research	was	supported	by	the	National	Science	Foundation	through	
an	Ecology	of	Infectious	Diseases	award	to	V.	Ezenwa	and	A.	Jolles	
(EF-0723918,	 DEB-1102493/EF-0723928).	 The	 molecular	 work	
was	funded	by	a	Morris	Animal	Foundation	Pilot	Grant	awarded	to	















ogy	of	bTB	 infections	and	oversaw	animal	 safety	during	 field	 col-
lections.	EGH,	NlR,	and	PDvH	provided	the	Syncerus caffer	genome	
and	 advice	 on	 early	 analyses.	 All	 authors	 contributed	 critically	 to	
manuscript	drafts	and	gave	final	approval	for	publication.
DATA ACCE SSIBILIT Y
Fitness	measures,	demographic	covariates,	bTB	status	data,	and	SNP	
genotypes	 are	 available	 on	 Dryad	 https://doi.org/10.5061/dryad.
s3b0n42.
ORCID
Hannah F. Tavalire  https://orcid.org/0000-0002-5235-0008 





Allander,	 K.	 (1997).	 Reproductive	 investment	 and	 parasite	 susceptibil-
ity	 in	 the	 great	 tit.	 Functional Ecology,	11(3),	 358–364.	 https://doi.
org/10.1046/j.1365-2435.1997.00095.x
Anderson,	 C.	 A.,	Duffy,	D.	 L.,	Martin,	N.	G.,	 &	Visscher,	 P.	M.	 (2007).	
Estimation	 of	 variance	 components	 for	 age	 at	 menarche	 in	 twin	
families.	Behavior Genetics,	37(5),	668–677.	https://doi.org/10.1007/
s10519-007-9163-2
Antonovics,	 J.,	&	Thrall,	P.	H.	 (1994).	Cost	of	 resistance	and	 the	main-
tenance	 of	 genetic-polymorphism	 in	 host-pathogen	 systems.	
Proceedings of the Royal Society of London Series B‐Biological Sciences,	
257(1349),	105–110.
Ardia,	 D.	 R.,	 Parmentier,	 H.	 K.,	 &	 Vogel,	 L.	 A.	 (2011).	 The	 role	 of	
constraints	 and	 limitation	 in	 driving	 individual	 variation	 in	 im-
mune	 response.	 Functional Ecology,	 25(1),	 61–73.	 https://doi.
org/10.1111/j.1365-2435.2010.01759.x
Auld,	 S.,	 Penczykowski,	 R.	M.,	Ochs,	 J.	H.,	Grippi,	D.	 C.,	Hall,	 S.	 R.,	 &	
Duffy,	M.	A.	(2013).	Variation	in	costs	of	parasite	resistance	among	
natural	 host	 populations.	 Journal of Evolutionary Biology,	 26(11),	
2479–2486.	https://doi.org/10.1111/jeb.12243
Ayele,	W.	Y.,	Neill,	 S.	D.,	Zinsstag,	 J.,	Weiss,	M.	G.,	&	Pavlik,	 I.	 (2004).	
Bovine	 tuberculosis:	 An	 old	 disease	 but	 a	 new	 threat	 to	 Africa.	








ranging	African	buffalo	population.	PLoS Neglected Tropical Diseases,	
11(12),	e0006122.	https://doi.org/10.1371/journal.pntd.0006122
Bengis,	 R.	 G.	 (1999).	 Tuberculosis	 in	 free-ranging	 mammals.	 In	 M.	 E.	





(Ovis aries).	 International Journal for Parasitology,	 37(1),	 121–129.	
https://doi.org/10.1016/j.ijpara.2006.09.007
Best,	A.,	White,	A.,	&	Boots,	M.	 (2008).	Maintenance	of	host	variation	
in	tolerance	to	pathogens	and	parasites.	Proceedings of the National 
Academy of Sciences of the United States of America,	105(52),	20786–
20791.	https://doi.org/10.1073/pnas.0809558105











Edwards,	 S.	 V.	 (2011).	 Rapid	 evolution	 of	 disease	 resistance	 is	 ac-
companied	 by	 functional	 changes	 in	 gene	 expression	 in	 a	 wild	
bird.	 Proceedings of the National Academy of Sciences of the United 
States of America,	 108(19),	 7866–7871.	 https://doi.org/10.1073/
pnas.1018580108
Boots,	M.	(2011).	The	evolution	of	resistance	to	a	parasite	is	determined	




ferent	evolutionary	dynamics.	Journal of Theoretical Biology,	201(1),	
13–23.	https://doi.org/10.1006/jtbi.1999.1009
Boots,	M.,	Donnelly,	R.,	&	White,	A.	(2013).	Optimal	immune	defence	in	





ease	 resistance	 and	 their	 consequences	 for	breeding	 arable	 crops.	
Plant Pathology,	62,	83–95.	https://doi.org/10.1111/ppa.12163
Bruns,	 E.,	Carson,	M.,	&	May,	G.	 (2012).	 Pathogen	 and	host	 genotype	
differently	affect	pathogen	fitness	through	their	effects	on	different	
     |  13TAVALIRE ET AL.
life-history	 stages.	 BMC Evolutionary Biology,	 12,	 135.	 https://doi.
org/10.1186/1471-2148-12-135
Budischak,	 S.	 A.,	 O'Neal,	 D.,	 Jolles,	 A.	 E.,	 &	 Ezenwa,	 V.	 O.	 (2018).	
Differential	 host	 responses	 to	 parasitism	 shape	 divergent	 fitness	





on	 reproduction	 in	 African	 buffalo	 (Syncerus caffer)	 in	 Botswana.	







area	hyperendemic	for	tuberculosis.	Journal of Experimental Medicine,	
206(12),	2583–2591.	https://doi.org/10.1084/jem.20090892
Coop,	 R.	 L.,	 &	 Kyriazakis,	 I.	 (1999).	 Nutrition-parasite	 interaction.	















Downs,	 C.	 J.,	 Adelman,	 J.	 S.,	 &	Demas,	G.	 E.	 (2014).	Mechanisms	 and	
methods	 in	 ecoimmunology:	 Integrating	 within-organism	 and	 be-
tween-organism	 processes.	 Integrative and Comparative Biology,	
54(3),	340–352.	https://doi.org/10.1093/icb/icu082
Druilhe,	 P.,	 Tall,	 A.,	 &	 Sokhna,	 C.	 (2005).	Worms	 can	worsen	malaria:	
Towards	 a	 new	means	 to	 roll	 back	 malaria?	 Trends in Parasitology,	
21(8),	359–362.	https://doi.org/10.1016/j.pt.2005.06.011
Elias,	 D.,	 Mengistu,	 G.,	 Akuffo,	 H.,	 &	 Britton,	 S.	 (2006).	 Are	 intes-
tinal	 helminths	 risk	 factors	 for	 developing	 active	 tuberculosis?	
Tropical Medicine & International Health,	11(4),	551–558.	https://doi.
org/10.1111/j.1365-3156.2006.01578.x
Ezenwa,	V.	O.,	&	Jolles,	A.	E.	 (2011).	From	host	 immunity	 to	pathogen	
invasion:	 The	 effects	 of	 helminth	 coinfection	 on	 the	 dynamics	 of	
microparasites.	 Integrative and Comparative Biology,	51(4),	540–551.	
https://doi.org/10.1093/icb/icr058
Ezenwa,	 V.	 O.,	 &	 Jolles,	 A.	 E.	 (2015).	 Opposite	 effects	 of	 anthelmintic	
treatment	on	microbial	infection	at	individual	versus	population	scales.	
Science,	347(6218),	175–177.	https://doi.org/10.1126/science.1261714
Ezenwa,	 V.	 O.,	 Jolles,	 A.	 E.,	 &	 O'Brien,	 M.	 P.	 (2009).	 A	 reliable	 body	
condition	 scoring	 technique	 for	 estimating	 condition	 in	 African	
buffalo.	 African Journal of Ecology,	 47(4),	 476–481.	 https://doi.
org/10.1111/j.1365-2028.2008.00960.x
Ferrandon,	 D.	 (2009).	 Host	 tolerance	 versus	 resistance	 and	 microbial	
virulence	 in	 the	 host-pathogen	 equation.	Cell Host & Microbe,	6(3),	
203–205.	https://doi.org/10.1016/j.chom.2009.08.010
French,	 S.	 S.,	 Johnston,	 G.	 I.	 H.,	 &	Moore,	M.	 C.	 (2007).	 Immune	 ac-
tivity	 suppresses	 reproduction	 in	 food-limited	 female	 tree	 lizards	
Urosaurus ornatus. Functional Ecology,	21(6),	1115–1122.	https://doi.
org/10.1111/j.1365-2435.2007.01311.x
Gallizzi,	K.,	Alloitteau,	O.,	Harrang,	E.,	&	Richner,	H.	 (2008).	Fleas,	pa-
rental	 care,	 and	 transgenerational	effects	on	 tick	 load	 in	 the	great	
tit.	 Behavioral Ecology,	 19(6),	 1225–1234.	 https://doi.org/10.1093/
beheco/arn083
Gandon,	S.,	&	Vale,	P.	F.	(2014).	The	evolution	of	resistance	against	good	
and	bad	 infections.	 Journal of Evolutionary Biology,	27(2),	 303–312.	
https://doi.org/10.1111/jeb.12291
Glanzmann,	 B.,	 Möller,	M.,	 le	 Roex,	 N.,	 Tromp,	 G.,	 Hoal,	 E.	 G.,	 &	 van	
Helden,	P.	D.	(2016).	The	complete	genome	sequence	of	the	African	
buffalo	 (Syncerus caffer).	 BMC Genomics,	 17(1),	 1001.	 https://doi.
org/10.1186/s12864-016-3364-0
Goldszmid,	R.	S.,	&	Trinchieri,	G.	 (2012).	The	price	of	 immunity.	Nature 
Immunology,	13(10),	932–938.	https://doi.org/10.1038/ni.2422
Gorsich,	 E.	 E.,	 Ezenwa,	V.	O.,	Cross,	 P.	C.,	Bengis,	R.	G.,	&	 Jolles,	A.	
E.	 (2015).	 Context-dependent	 survival,	 fecundity	 and	 predicted	
population-level	 consequences	 of	 brucellosis	 in	 African	 buf-











as	 determinants	 of	 intracellular	 bacterial	 distributions	 in	 systemic	
Salmonella enterica	infections.	Infection and Immunity,	77(12),	5608–
5611.	https://doi.org/10.1128/IAI.00827-09
Gurka,	 M.	 J.	 (2006).	 Selecting	 the	 best	 linear	 mixed	 model	
under	 REML.	 American Statistician,	 60(1),	 19–26.	 https://doi.
org/10.1198/000313006X90396
Halley,	D.	 J.,	Vandewalle,	M.	 E.	 J.,	Mari,	M.,	&	Taolo,	C.	 (2002).	Herd-
switching	 and	 long-distance	 dispersal	 in	 female	 African	 buffalo	
Syncerus caffer. African Journal of Ecology,	40(1),	 97–99.	 https://doi.
org/10.1046/j.0141-6707.2001.00336.x
Hasselquist,	 D.	 (2007).	 Comparative	 immunoecology	 in	 birds:	




unexposed	 host	 populations.	 Journal of Evolutionary Biology,	 22(4),	
699–707.	https://doi.org/10.1111/j.1420-9101.2009.01704.x
Hawley,	D.	M.,	Etienne,	R.	S.,	Ezenwa,	V.	O.,	&	Jolles,	A.	E.	(2011).	Does	
animal	 behavior	 underlie	 covariation	 between	 hosts'	 exposure	 to	
infectious	 agents	 and	 susceptibility	 to	 infection?	 Implications	 for	




and	 costly	 resistance	 of	 sheep	 against	 nematodes	 and	 potential	
feedbacks	 to	 epidemiological	 dynamics.	 American Naturalist,	 184,	
S58–S76.	https://doi.org/10.1086/676929
Hayward,	 A.	 D.,	 Wilson,	 A.	 J.,	 Pilkington,	 J.	 G.,	 Clutton-Brock,	 T.	 H.,	
Pemberton,	 J.	M.,	&	Kruuk,	 L.	 E.	 B.	 (2011).	Natural	 selection	 on	 a	
measure	of	parasite	resistance	varies	across	ages	and	environmental	
conditions	 in	 a	wild	mammal.	 Journal of Evolutionary Biology,	24(8),	
1664–1676.	https://doi.org/10.1111/j.1420-9101.2011.02300.x
Jacques-Hamilton,	 R.,	 Hall,	M.	 L.,	 Buttemer,	W.	 A.,	Matson,	 K.	 D.,	 da	
Silva,	A.	G.,	Mulder,	R.	A.,	&	Peters,	A.	(2017).	Personality	and	innate	
immune	defenses	in	a	wild	bird:	Evidence	for	the	pace-of-life	hypoth-
esis.	Hormones and Behavior,	 88,	 31–40.	 https://doi.org/10.1016/j.
yhbeh.2016.09.005
14  |     TAVALIRE ET AL.
Johnson,	 P.	 T.	 J.,	 Rohr,	 J.	 R.,	 Hoverman,	 J.	 T.,	 Kellermanns,	 E.,	
Bowerman,	 J.,	 &	 Lunde,	 K.	 B.	 (2012).	 Living	 fast	 and	 dying	 of	 in-
fection:	 Host	 life	 history	 drives	 interspecific	 variation	 in	 infec-
tion	 and	 disease	 risk.	 Ecology Letters,	 15(3),	 235–242.	 https://doi.
org/10.1111/j.1461-0248.2011.01730.x
Jolles,	A.	E.	(2007).	Population	biology	of	african	buffalo	(Syncerus caffer)	














pregnancy	diagnosis	in	Egyptian	buffaloes.	Tropical Animal Health and 
Production,	43(1),	5–7.	https://doi.org/10.1007/s11250-010-9675-2
Kaufmann,	 S.	 H.	 E.	 (1991).	 The	macrophage	 in	 tuberculosis-	 sinner	 or	




tuberculosis	 promotes	 human	 alveolar	 macrophage	 apoptosis.	
Infection and Immunity,	65(1),	298–304.
Kielian,	 T.,	 Phulwani,	 N.	 K.,	 Esen,	 N.,	 Syed,	 M.	 M.,	 Haney,	 A.	 C.,	
McCastlain,	 K.,	 &	 Johnson,	 J.	 (2007).	 MyD88-dependent	 signals	
are	 essential	 for	 the	 host	 immune	 response	 in	 experimental	 brain	
abscess.	 Journal of Immunology,	 178(7),	 4528–4537.	 https://doi.
org/10.4049/jimmunol.178.7.4528
Knutie,	 S.	 A.,	Wilkinson,	 C.	 L.,	Wu,	Q.	C.,	Ortega,	 C.	N.,	&	Rohr,	 J.	 R.	
(2017).	Host	resistance	and	tolerance	of	parasitic	gut	worms	depend	
on	 resource	 availability.	Oecologia,	183(4),	 1031–1040.	 https://doi.
org/10.1007/s00442-017-3822-7
Kornfeld,	H.,	Mancino,	G.,	&	Colizzi,	V.	 (1999).	The	role	of	macrophage	
cell	death	in	tuberculosis.	Cell Death and Differentiation,	6(1),	71–78.	
https://doi.org/10.1038/sj.cdd.4400454
Lane-deGraaf,	K.	E.,	Amish,	S.	 J.,	Gardipee,	F.,	 Jolles,	A.,	Luikart,	G.,	&	
Ezenwa,	 V.	 O.	 (2015).	 Signatures	 of	 natural	 and	 unnatural	 selec-
tion:	 Evidence	 from	 an	 immune	 system	 gene	 in	 African	 buffalo.	













intestinal	nematode	interaction.	International Journal for Parasitology,	
46(2),	133–140.	https://doi.org/10.1016/j.ijpara.2015.10.003
Little,	T.	J.,	Shuker,	D.	M.,	Colegrave,	N.,	Day,	T.,	&	Graham,	A.	L.	(2010).	
The	 coevolution	 of	 virulence:	 Tolerance	 in	 perspective.	PLoS Path,	
6(9),	5.	https://doi.org/10.1371/journal.ppat.1001006
Martin,	L.	B.,	Hasselquist,	D.,	&	Wikelski,	M.	 (2006).	 Investment	 in	 im-
mune	defense	is	linked	to	pace	of	life	in	house	sparrows.	Oecologia,	
147(4),	565–75.	https://doi.org/10.1007/s00442-005-0314-y
Martin,	 L.	 B.,	Weil,	 Z.	M.,	&	Nelson,	 R.	 J.	 (2008).	 Seasonal	 changes	 in	
vertebrate	 immune	activity:	Mediation	by	physiological	 trade-offs.	
Philosophical Transactions of the Royal Society B‐Biological Sciences,	
363(1490),	321–339.	https://doi.org/10.1098/rstb.2007.2142
Marzal,	 A.,	 Asghar,	 M.,	 Rodriguez,	 L.,	 Reviriego,	 M.,	 Hermosell,	 I.	 G.,	
Balbontin,	 J.,	 …	 Bensch,	 S.	 (2013).	 Co-infections	 by	 malaria	 par-
asites	 decrease	 feather	 growth	 but	 not	 feather	 quality	 in	 house	
martin.	 Journal of Avian Biology,	 44(5),	 437–444.	 https://doi.
org/10.1111/j.1600-048X.2013.00178.x








agnosing	Mycobacterium bovis	 infection	in	African	buffalo	(Syncerus 
caffer).	Preventive Veterinary Medicine,	98(2–3),	142–151.	https://doi.
org/10.1016/j.prevetmed.2010.10.016
Mideo,	 N.,	 Alizon,	 S.,	 &	 Day,	 T.	 (2008).	 Linking	 within-	 and	 between-
host	 dynamics	 in	 the	 evolutionary	 epidemiology	 of	 infectious	 dis-
eases.	 Trends in Ecology & Evolution,	 23(9),	 511–517.	 https://doi.
org/10.1016/j.tree.2008.05.009
Miller,	M.	R.,	White,	A.,	&	Boots,	M.	 (2005).	The	evolution	of	host	 re-
sistance:	 Tolerance	 and	 control	 as	 distinct	 strategies.	 Journal of 





Milligan,	 B.	 G.	 (2003).	 Maximum-likelihood	 estimation	 of	 relatedness.	
Genetics,	163(3),	1153–67.
Moreno-Rueda,	 G.	 (2010).	 Experimental	 test	 of	 a	 trade-off	 between	
moult	 and	 immune	 response	 in	 house	 sparrows	 Passer domesti‐
cus. Journal of Evolutionary Biology,	23(10),	 2229–2237.	 https://doi.
org/10.1111/j.1420-9101.2010.02090.x
Mukhopadhyay,	 S.,	 Farver,	C.	 F.,	Vaszar,	 L.	 T.,	Dempsey,	O.	 J.,	 Popper,	
H.	H.,	Mani,	H.,	…	Tazelaar,	H.	D.	(2012).	Causes	of	pulmonary	gran-
ulomas:	A	 retrospective	 study	of	 500	 cases	 from	 seven	 countries.	
Journal of Clinical Pathology,	 65(1),	 51–57.	 https://doi.org/10.1136/
jclinpath-2011-200336
Naidoo,	R.,	Du	Preez,	P.,	Stuart-Hill,	G.,	Beytell,	P.,	&	Taylor,	R.	 (2014).	
Long-range	 migrations	 and	 dispersals	 of	 African	 buffalo	 (Syncerus 
caffer)	 in	 the	 Kavango-Zambezi	 Transfrontier	 Conservation	 area.	





age	 for	 analysing	pairwise	 relatedness	 from	codominant	molecular	
markers.	 Molecular Ecology Resources,	 15(3),	 557–561.	 https://doi.
org/10.1111/1755-0998.12323
Pinheiro,	J.,	Bates,	D.,	DebRoy,	S.,	Sarkar,	D.,	&	R	Core	Team	(2018).	nlme: 




responses	 in	 wild	 rodents.	 Oikos,	 121(9),	 1483–1492.	 https://doi.
org/10.1111/j.1600-0706.2012.020215.x





     |  15TAVALIRE ET AL.





Raja,	 A.	 (2004).	 Immunology	 of	 tuberculosis.	 Indian Journal of Medical 
Research,	120(4),	213–232.





African	buffalo	at	Kruger	National	Park.	Journal of Wildlife Diseases,	
37(2),	258–264.	https://doi.org/10.7589/0090-3558-37.2.258
Rumble,	S.	M.,	Lacroute,	P.,	Dalca,	A.	V.,	Fiume,	M.,	Sidow,	A.,	&	Brudno,	





vides	insights	for	predicting	infectious	disease	risk.	Journal of Animal 
Ecology,	82(5),	976–986.	https://doi.org/10.1111/1365-2656.12088
Russell,	 D.	 G.	 (2007).	 Who	 puts	 the	 tubercle	 in	 tuberculosis?	 Nature 









Sandler,	 N.	 G.,	 Mentink-Kane,	 M.	 M.,	 Cheever,	 A.	W.,	 &	Wynn,	 T.	 A.	
(2003).	 Global	 gene	 expression	 profiles	 during	 acute	 pathogen-in-




Incorporating	ectothermic	organisms	 into	 the	 theory	of	vertebrate	
ecoimmunology.	Integrative and Comparative Biology,	54(3),	387–395.	
https://doi.org/10.1093/icb/icu021
Saunders,	B.	M.,	&	Cooper,	A.	M.	(2000).	Restraining	mycobacteria:	Role	of	
granulomas	in	mycobacterial	infections.	Immunology and Cell Biology,	
78(4),	334–341.	https://doi.org/10.1046/j.1440-1711.2000.00933.x
Schneider,	M.	D.,	Strandberg,	E.,	Ducrocq,	V.,	&	Roth,	A.	(2005).	Survival	
analysis	 applied	 to	 genetic	 evaluation	 for	 female	 fertility	 in	 dairy	















perimental	study.	Proceedings of the Royal Society B‐Biological Sciences,	
270(1512),	241–248.	https://doi.org/10.1098/rspb.2002.2217
Soler,	J.	J.,	Martin-Vivaldi,	M.,	Haussy,	C.,	&	Moller,	A.	P.	 (2007).	 Intra-	
and	 interspecific	 relationships	 between	 nest	 size	 and	 immunity.	
Behavioral Ecology,	18(4),	781–791.	https://doi.org/10.1093/beheco/
arm045









Therneau,	 T.	 (2015).	 A Package for Survival Analysis in S. version 2.38. 
Retrieved	from	https://CRAN.R-project.org/package=survival




birds.	Proceedings of the Royal Society B‐Biological Sciences,	272(1573),	
1715–1720.	https://doi.org/10.1098/rspb.2005.3155
Vale,	P.	F.,	&	Little,	T.	J.	(2012).	Fecundity	compensation	and	tolerance	to	a	
sterilizing	pathogen	in	Daphnia.	Journal of Evolutionary Biology,	25(9),	
1888–1896.	https://doi.org/10.1111/j.1420-9101.2012.02579.x
van	 Boven,	M.,	 &	Weissing,	 F.	 J.	 (2004).	 The	 evolutionary	 economics	







neglected	 zoonoses-the	 case	 for	 integrated	 control	 and	 advocacy.	
Clinical Microbiology and Infection,	 21(5),	 433–443.	 https://doi.
org/10.1016/j.cmi.2015.04.011
Yazdi,	 M.	 H.,	 Visscher,	 P.	 M.,	 Ducrocq,	 V.,	 &	 Thompson,	 R.	 (2002).	
Heritability,	reliability	of	genetic	evaluations	and	response	to	selec-
tion	 in	 proportional	 hazard	models.	 Journal of Dairy Science,	85(6),	
1563–1577.	https://doi.org/10.3168/jds.S0022-0302(02)74226-4




offs	in	animals.	Annual Review of Ecology and Systematics,	32,	95–126.	
https://doi.org/10.1146/annurev.ecolsys.32.081501.114006





Zuk,	M.,	&	Stoehr,	A.	M.	 (2002).	 Immune	defense	and	host	 life	history.	
American Naturalist,	160,	S9–S22.	https://doi.org/10.2307/3079266
SUPPORTING INFORMATION
Additional	 supporting	 information	 may	 be	 found	 online	 in	 the	
Supporting	Information	section	at	the	end	of	the	article.	
How to cite this article:	Tavalire	HF,	Beechler	BR,	Buss	PE,	et	
al.	Context-dependent	costs	and	benefits	of	tuberculosis	
resistance	traits	in	a	wild	mammalian	host.	Ecol Evol. 
2018;00:1–15. https://doi.org/10.1002/ece3.4699
